Acid-denatured cold shock protein A (CspA) self-assembles into polymers with properties typical of amyloid fibrils. In the present work, a quenched hydrogen exchange experiment was used to probe the interactions of CspA fibrils with solvent. Exchange was initiated by incubating suspensions of fibrils in D2O, and quenched by flash freezing. Following lyophilization, exchange-quenched samples were dissolved in 90% DMSO/10% D2O, giving DMSO-denatured monomers. Intrinsic exchange rates for denatured CspA in 90% DMSO/10% D2O (pH* 4.5) were sufficiently slow (~1 x 10 -3 min -1 ) to enable quantification of NMR signal intensity decays due to H/D exchange in the fibrils. Hydrogen exchange rate constants for CspA fibrils were found to vary less than 3-fold from a mean value of 5 x 10 -5 min -1 . The uniformity of rate constants suggests that exchange is in the EX1 limit, and that the mechanism of exchange involves a cooperative dissociation of CspA monomers from fibrils, concomitant with unfolding. Previous studies indicated that the highest protection factors in native CspA are ~10 3 , and that protection factors for the acid-denatured monomer precursors of CspA fibrils are close to unity. Because exchange in is in the EX1 regime, it is only possible to place a lower limit of at least 10 5 on protection factors in CspA fibrils. The observation that all amide protons are protected from exchange indicates that the entire CspA polypeptide chain is structured in the fibrils.
Introduction
Deposits of protein amyloid fibrils are associated with a number of pathologies including systemic amyloidosis 1 , inflammation-associated reactive amyloidosis 2 , type II diabetes 3 , as well as a large variety of neurological disorders. 4 The precise role of protein amyloid fibrils in these diseases remains unresolved. 4, 5 Protein amyloid fibrils exhibit similar morphologies by electron microscopy, have a characteristic cross-β X-ray fiber diffraction pattern, and stain with the dye Congo Red. 6 Because amyloid fibrils are formed from a large variety of proteins and peptides with no sequence homology, [7] [8] [9] the extent to which conserved morphologies and staining properties reflect conserved structural properties is an open question. Ultimately, an improved understanding of amyloid diseases at the molecular level will require high-resolution methods to characterize fibrils and intermediates in fibril formation.
Hydrogen isotope exchange experiments can provide information on protein stability, dynamics, folding, and association. [10] [11] [12] [13] [14] [15] Recently, hydrogen exchange methods have been used to investigate folded and partially folded monomeric precursors of amyloid fibrils, and to correlate the stability of structure in these species with the propensity to form fibrils. 12, 13 Information on the hydrogen exchange properties of polymeric assemblies formed during fibrilogenesis is currently lacking. In cases where direct measurements of hydrogen exchange are precluded, it is sometimes possible to transfer the hydrogen exchange information encoded in amide proton NMR signal decays, to a form of the protein that is tractable to NMR spectroscopy. Quenched hydrogen experiments have a number of applications. These include hydrogen exchange measurements in short-lived protein folding intermediates 14 , partially folded equilibrium intermediates with NMR spectra subject to severe line-broadening 15 , and protein 11 or protein-membrane complexes 16 that are too large for direct NMR detection. To be applicable to amyloid fibrils, a quenched hydrogen exchange experiment must satisfy at least two requirements. First, the amyloid fibrils need to be converted to a form of the protein amenable to NMR, such as unfolded monomers. Second, hydrogen exchange must be sufficiently slow under the conditions of NMR detection to prevent loss of amide protons trapped in the fibrils. Dimethyl sulfoxide (DMSO) a is a strong protein denaturant that has been reported to solubilize β-amyloid fibrils formed in vitro. 17 Indeed, DMSO has shown therapeutic potential for some types of amyloidoses. 17 A second important feature of this solvent is that base-catalyzed exchange is substantially reduced in DMSO/D2O mixtures containing volume fractions greater than 90% DMSO. 18 As shown by Roder and co-workers 20 , intrinsic exchange rates in unstructured model peptides are shifted to an apparent minimum near pH* 5 in 90% DMSO/10% D2O, and are reduced ~100-fold compared to those in pure D2O. Exchange is thus sufficiently slow to detect amide protons in unfolded polypeptides that would otherwise be completely exchanged during the course of NMR measurements in D2O.
The present work examines the applicability of quenched hydrogen exchange measurements to amyloid fibrils formed by CspA. Although CspA has no role in disease it serves as an effective model system for investigations of amyloid fibrils. 19, 20 The native structure of CspA has been studied by both x-ray diffraction and NMR. 21, 22 There is extensive information on the stability and folding kinetics of the protein. 23, 24 Hydrogen exchange rates have been characterized for both native CspA, and for the acid-denatured monomer precursors of CspA fibrils. [20] [21] [22] [23] [24] [25] In contrast to polypeptides that form fibrils spontaneously when dissolved in water 3 , native CspA is a monomer at neutral pH, [21] [22] [23] [24] [25] and fibril formation can be triggered by a switch to pH 2. 20 These factors combined make CspA an ideal prototype for the quenched hydrogen exchange experiments described herein.
Materials and Methods

D2O
(isotopic purity > 99.98%) was from Glaser AG (Basel, Switzerland). Dichloroacetic acid (DCA), deuterium chloride (DCl), and d6-DMSO [(CD3)2SO] were from Aldrich.
15 N-and 15 N/ 13 C-labled CspA were expressed in E. coli BL21(DE3) cells harboring the pET11-cspA vector 23 , and purified as previously described. 19 Initial experiments were used to establish that CspA fibrils are soluble in mixed DMSO/H2O solvents. At volume fractions up to 50% DMSO, small particles of the translucent gel formed during fibrilogenesis remained undissolved. By contrast, fibrils dissolved in solvent mixtures containing volume fractions greater than 75% DMSO gave clear homogeneous solutions at pH* 7.0.
1 H-15 N HSQC spectra of CspA fibrils dissolved in >75% (v/v) DMSO showed chemical shifts and long T2 values characteristic of a denatured monomeric protein, and were closely similar to those of 'virgin' samples of the native protein dissolved directly in >75% DMSO.
A second series of experiments were used to establish that lyophilized CspA fibrils are soluble in 90% DMSO/10% H2O. Solution pH was found to be a critical determinant of solubility. Lyophilized fibrils were soluble as long as the apparent solution pH was neutral or acidic (pH* between 7 and 3). In some cases, solutions of lyophilized fibrils dissolved directly in 90% DMSO/10% H2O reached pH* values as high as 9, concomitant with precipitation of the protein. In addition to protein solubility, drifts in solution pH could affect intrinsic amide proton exchange rates. Consequently dichloroacetic acid (DCA) was incorporated as a pH buffer, as suggested by Roder and co-workers. The experimental protocol used to characterize hydrogen exchange in CspA fibrils is summarized in Fig. 1 . A 3.1 mM solution of CspA in 180 µl of H2O, was acidified from pH 5.8 to pH 2.0 with 1.7 µl of 4 N HCl. The solution was left undisturbed in a sealed Eppendorf tube at room temperature (22 o C) for 1 week.
Step 1: Incubate > 1mM CspA for 1 week at pH 2 to form fibrils
Step 3: Collect fibrils by centrifugation: 30 min at 13,000 RPM
Step 5: Incubate aliquots for time X
Step 2: Pellet fibrils, followed by short (30 sec) wash with 99.98% D 2 O, pH 2
Step 4: Resuspend pellet in 99.98 % D 2 O pH 2, divide into aliquots for time points
Step 6: Flash freeze aliquots in dry ice/EtOH, lyophilize, store -70 o C
Step 8: Record HSQC in short time (~30 min) compared to HX in DMSO
Step 7: Take up lyophilized powder in 90% DMSO/10% D 2 O, pH 4.5
After 1 week of incubation at pH 2.0, the fibrils were re-suspended in 1.4 ml of 99.98% D2O (preadjusted to pH 2.0 with DCl), vigorously mixed for 30 sec with a Vortex-Genie, and collected by centrifugation for 30 min at 13,000 rpm using a desktop microcentrifuge. Analysis of the supernatant and pellet fractions by SDS-PAGE, showed that >90% of the protein was in the pellet. Following the D2O wash, the pelleted fibrils were re-suspended a second time in 1.4 ml of 99.98% D2O, vortexed for 30 sec, and divided into six aliquots of 250 µl for the hydrogen exchange experiment. The two serial re-suspensions of the initial 180 µl fibril sample into 1.4 ml of 99.98% D2O, place an upper limit of 1.5% on the residual fraction of H2O in the D2O aliquots used for the hydrogen exchange experiments. The actual figure is probably less than 1% H2O, since the volume of the fibril pellet after the first re-suspension in D2O was ~100 µl. The six aliquots of CspA fibrils suspended in 99.98% D2O (pH 2.0), were incubated undisturbed at room temperature for periods ranging from 30 minutes to 9.5 days. After each incubation period, the aliquot was immediately flash-frozen in a dry ice/ethanol bath, lyophilized, and stored at -70 o C for subsequent use. For analysis by 1 H-15 N HSQC NMR spectroscopy, lyophilized CspA fibrils were dissolved in 220 µl of a "read-out buffer" consisting of 90% DMSO/10% D2O, 20 mM DCA, pH* 4.5. The read-out buffer contained D2O rather than H2O to prevent back-exchange of protons into the protein. Assuming an insignificant loss of protein during the quenching protocol, each of the six NMR samples had a protein concentration of 0.4 mM in 220 µl of the 90% DMSO/10% D2O read-out buffer. A value of pH* 4.5 was chosen for the NMR experiments, close to the p H* 5 minimum for intrinsic exchange rates in 90% DMSO/10% D2O. 18 It was found that the pH* of the read-out buffer consistently increased by ~0.6 pH units on addition of the lyophilized fibrils. The pH* of the read-out buffer was thus preadjusted to a value of 3.9 with DCl and NaOD, prior to the addition of lyophilized protein. The pH* value of each of the six dissolved fibril samples was checked after acquisition of 1 H-15 N HSQC spectra, and was invariant within the range between pH* 4.4 and 4.5. Based on model peptide studies, intrinsic exchange rates in 90% DMSO/10% D2O at pH* 4.5 and a temperature of 10 o C, are predicted to bẽ 0.0003 min -1 , or 100-fold smaller than the corresponding intrinsic exchange rates in D2O at pH 4.5. 18 Intrinsic exchange rates were measured for an 15 N-labled CspA sample under the conditions of this study (90% DMSO/10% D2O, 20 mM DCA, pH* 4.4, 10 o C). The intrinsic exchange rates for backbone amide protons span a range from 0.03 to 0.0002 min -1 , with a median value of 0.003 min -1 (not shown). The indole nitrogen proton of Trp11 gives the fastest measurable rate (0.04 min -1 ), while exchange rates of side-chain amide protons from 2 Gln and 3 Asn residues in CspA are too fast to measure.
NMR data were recorded on Bruker and Varian spectrometers operating at 600 MHz. All NMR samples contained solution volumes of ~220 µl, transferred into 5 mm susceptibility-matched Shigemi tubes (Allison Park, PA). In order to obtain residue-specific information on hydrogen exchange in CspA fibrils, 1 H and 15 N NMR resonances of denatured CspA in 90% DMSO were assigned using a 3D-HNCACB experiment. 26 The 3D-HNCACB experiment was recorded at 25 o C on a virgin 0.6 mM 13 To analyze the decay of amide proton signal intensities due to hydrogen exchange from fibrils incubated in D2O at pH 2.0, 1 H-15 N HSQC spectra were recorded on six lyophilized exchange-quenched samples dissolved in a pH* 4.5 90% d6-DMSO/10% D2O, 20 mM DCA read-out buffer. A temperature of 10 o C was selected in order to minimize amide proton exchange with the D2O component of the 90% DMSO/10% D2O buffer. The HSQC spectra were recorded with 1024 x 128 complex points (spectral widths of 7508 x 1338 Hz) for the 1 H x 15 N dimensions. Placing the deuterium lock on D2O was found to result in an artifactual attenuation of signals in the downfield region of the spectrum that could be misinterpreted as hydrogen exchange. Consequently, the d6-DMSO signal was used for the deuterium lock. The 1 H carrier frequency was placed at 4.7 ppm. The 1 H- 15 N HSQC spectra employed pulse field gradients for coherence selection, and suppression of signals from the solvent. 26 Acquisition of each of the six 1 H-15 N HSQC spectra was completed in times randomly distributed between 26 and 31 min from the time of dissolving the exchange quenched samples in the 90% DMSO/10% D2O read-out buffer. In order to interfere with measurements of amide proton intensities, exchange in the 90% DMSO/10% D2O read-out buffer would have to be significant on time scales comparable to the <5 min differences in the recording of the HSQC spectra. The fastest exchanging amide proton in CspA (Trp11 indole) has an exchange half-life of 25 min in the read-out buffer under these conditions. The majority of backbone amide protons (94%) have exchange half-lives longer than 1.5 hr, so that exchange is negligible compared to the 5 min differences in the acquisition of the HSQC spectra.
Hydrogen exchange rates were obtained from decays of 1 H-15 N HSQC crosspeak intensities as a function of exchange time, defined as the period from the suspension of CspA fibrils in D2O, to the quenching of hydrogen exchange by flash-freezing the samples in dry ice/ethanol. The intensity of each 1 H-15 N HSQC crosspeak was determined from the 2D data matrix point with the largest value, using the program Felix 98. Crosspeak maxima were determined separately for each spectrum to compensate for possible small variations in chemical shifts. Rate constants for exchange were obtained from non-linear least-squares fits of cross peak intensity decays as a function of exchange-time, to the single exponential function:
The initial intensity (I o ), and the exchange rate constant (k ex ), were free variables in the fits. Uncertainties in k ex values were taken from the standard errors of the fits.
Results
Assignments for CspA in 90% DMSO/10% H2O were obtained from a 3D HNCACB spectrum 26 recorded at a temperature of 25 o C. The HNCACB experiment has proven extremely useful for assigning NMR spectra of denatured proteins, including the acid-and urea-denatured forms of CspA. 19 In the case of DMSO-denatured CspA, assignments could be established for 64 of the 67 backbone 1 H-15 N correlations (96%) expected from the amino acid sequence of the protein (Fig. 2 ). To minimize contributions from intrinsic amide proton exchange, a lower temperature of 10 o C was used to record 1 H-15 N HSQC spectra of the six exchanged-quenched fibril samples dissolved in 90% DMSO/10% D2O (Fig. 3a,b) . NMR assignments were readily transferred from 25 o C to 10 o C, however, a larger proportion of signals were partially or completely overlapped at the lower temperature. Of 64 assigned 1 H-15 N correlations, 16 were insufficiently resolved to enable accurate measurements of signal intensities. In total, hydrogen exchange rates were obtained for 48 of the 70 residues (69 %) in the protein (Fig. 4b) . Figure 3A shows the 1 H-15 N HSQC spectrum for the fibril sample incubated for the shortest time in D2O (30 min). The side-chain amide protons from 3 Asn and 2 Gln residues are fully exchanged in the 90% DMSO/10% D2O read-out buffer, during the course of the HSQC experiment (compare Figs. 2 and 3) , so the extent of protection of these sites in the fibrils could not be determined. By contrast, all of the backbone amide protons observed for fully protonated CspA in 90% DMSO/10% H2O (Fig. 2) , are also observed in the spectrum of the exchangequenched sample in 90% DMSO/10% D2O (Fig. 3a) . Figure 3B shows the 1 H-15 N HSQC spectrum for the fibril sample incubated for the longest time in D2O (9.5 days). The spectra in Fig. 3 were recorded with the same acquisition parameters, and are plotted at the same contour levels for direct comparison. At lower contour levels, the spectrum in Fig. 3B shows all of the correlations observed in Fig. 3A . Over the 9 day D2O-exchange period separating the spectra in Fig. 3A and 3B, backbone amide proton crosspeak intensities decrease to between 66% and 27% of their initial values, with a mean decrease of 50%. Representative data for the decays of amide proton signal intensities as a function of fibril incubation time in D2O are shown in Fig. 4A . The indole nitrogen proton of the unique tryptophan at position 11 (W11sc in Fig. 3a,b) exchanges with a rate comparable to those of the backbone amide protons. Amide proton protection in CspA fibrils is remarkably uniform (Fig. 3A,B) . A concern in light of this observation is that the amide proton signals detected in 1 H-15 N HSQC spectra might be due to a residual background of fully protonated CspA molecules. The CspA fibrils used for the quenched hydrogen exchange experiment were formed in an initial volume of 180 µl H2O, and diluted twice in 1.4 ml of 99.98% D2O. Based on this protocol it is possible to place an upper limit of at most 1.5% H2O in the exchange-quenched samples used to read-out the hydrogen exchange kinetics of CspA fibrils. Estimating that the protein concentration of the exchange-quenched samples is at most 0.4 mM CspA in 90% DMSO/10% D2O, places an upper limit on the concentration of protonated CspA molecules of 0.006 mM. This concentration of protein is too dilute to detect within the sensitivity of the 1 H-15 N HSQC spectra. The exponential decays of amide proton intensities as a function of fibril incubation time in D2O (Fig. 4a) , and the complete exchange of Asn and Gln side-chain protons in the 90% DMSO/10% D2O read out buffer, are inconsistent with signals originating from a residual background of protonated CspA molecules. A more direct experimental control is provided by the data in Fig. 3c . The 1 H-15 N HSQC spectrum in Fig. 3c was recorded for the same exchange-quenched CspA sample as in Fig. 3a, after 9 hr of incubation at 22 o C in the 90% DMSO/10% D2O buffer. The latter spectrum evinces a substantial loss of amide proton signal intensities, as intrinsic exchange in 90% DMSO/10% D2O starts to make a significant contribution (signal intensities range from 70% to less than 3% of the initial values in Fig. 3A) . If signals originated from a background of protonated CspA molecules, intensities would remain constant as a function of time in 90% DMSO/10% D2O. Figure 4B summarizes hydrogen exchange rate constants for CspA fibrils calculated from Equation 1. The rate constants span only a four-fold difference in magnitude, from a maximum of 1.1 x 10 -4 to a minimum of 2.8 x 10 -5 min -1 . Of 48 residues for which exchange rates could be accurately determined, 29 (60%) have rate constants within experimental uncertainty of the mean of 5.3 x 10 -5 min -1 .
Discussion
Exchange rate constants in proteins can vary as much as 10 8 between protons in regions of stable hydrogen-bonded secondary structure and protons in surface exposed loops. 27 In marked contrast, exchange rate constants obtained for CspA fibrils vary by less than a factor of 4 (Fig. 4B) . The uniformity of exchange rate constants can be appreciated directly from the observations that all backbone amide protons are observed after 9 days in D2O, and that decreases in HSQC signal intensities as a function of exchange time are similar for most sites in the protein (Fig. 3A,B) .
NMR hydrogen exchange data are usually interpreted in terms of the model (2) where "closed" and "open" refer to individual amide protons in exchange-resistant and exchange-susceptible conformations, respectively. 10, 27, 29 The observed hydrogen exchange rate is (3) where k cl is the closing rate and k op is the opening rate. The intrinsic rate (k int ) depends on factors such as pH, temperature, and the location of an amide proton in the protein sequence. 29 There are two limiting cases of this model. 10, 27, 29 In the EX1 limit k cl << k int , and observed rates are determined by those for the opening reactions (k obs = k op ). In the EX2 limit k int << k cl , and observed rates are proportional to the equilibrium constants 29 to be on the order of 500 min -1 . An EX2 mechanism would require that the ratio k op /k cl coincidentally varied from residue to residue as the inverse of k int , so as to give a product [k obs = (k op /k cl )k int ] that is uniform for all amide protons (Fig.  4B) . A much more tenable possibility is that exchange is in the EX1 limit (k obs = k op ), and thus independent of k int . b
The EX1 limit is typically observed only under conditions that promote high values of k int , such as high pH and temperature. 10, 27, 29 This is because the closing (e.g. folding) rates of proteins often have values higher than 10 4 min -1 . Consequently, the EX1 limiting condition (k cl << k int ) is rarely satisfied at neutral or acidic pH. In the present case, conversion of exchange-susceptible denatured monomers to exchange-resistant fibrils involves structure formation coupled to intermolecular assembly. Although the kinetics for these processes are unknown, NMR measurements on a 0.72 mM solution of acid denatured CspA indicate that during the exponential phase of fibril growth monomers are lost at a rate of 10 -3 min -1 . 20 It is entirely probable that under the conditions of the hydrogen exchange measurements, the re-association of unfolded CspA molecules into fibrils proceeds with rates considerably smaller than intrinsic proton exchange rates at pH 2.0 (e.g. k cl << 0.1 min -1 ). An EX1 mechanism alone cannot account for the observation that exchange rates in CspA fibrils vary by less than a factor of 4. In typical proteins, EX1 exchange is observed only for the subset of slowest exchanging protons. Exchange rates within this subset, however, can vary by more than 5 orders of magnitude. 28, 29 The uniform exchange rate constants for CspA fibrils strongly suggest that exchange occurs through a highly cooperative process, such as depolymerization of CspA molecules from fibrils into exchange-susceptible unfolded monomers. If dissociation involved only CspA monomers on the surface of a fibril, this should be reflected in an asymmetric pattern of protection. Amide protons exposed to solvent in the fibril state, should exchange faster than protons buried in protein association interfaces and thus give larger apparent exchange rates. That exchange rates are uniform suggests that dissociation of exchange-susceptible CspA molecules from the fibrils is cooperative, such that on average the distinction between monomers on the surface and in the interior of the fibrils is lost.
The time course of CspA fibril formation at pH 2.0 is described by a lag phase followed by an exponential increase in polymerization. 20 1 H-15 N HSQC spectra recorded during the course of fibril formation show a single set of signals corresponding to soluble acid-denatured monomers. As the protein becomes incorporated into aggregates that are too large for NMR detection, 1 H-15 N HSQC correlations decay to a baseline value reflecting the solubility limit of the aciddenatured monomers. 20 Hydrogen exchange rates were measured for a 0.4 mM b EX1 and EX2 mechanisms can usually be distinguished from the pH dependence of kobs. 10, [27] [28] [29] Such an approach, however, would require verification that the structure and stability of CspA fibrils is invariant to pH.
solution of CspA in D2O, immediately after acidification to pH 2.0. 20 The hydrogen exchange experiment was completed in ~1 hr, a timescale well within thẽ 11 hr lag phase for fibril formation of the 0.4 mM CspA sample. Exchange rates measured for 22 of the 67 backbone amide protons in CspA were on the order of 0.1 min -1 . These fast exchange rates preclude a contribution from denatured CspA monomers to the protection observed in CspA fibrils at pH 2. Protection factors (Pf = k int /k obs ) for acid-denatured CspA monomers were close to 1. The Pf values of unity indicate that the stability of structure in acid-denatured CspA monomers is insufficient to provide significant protection of amide protons from solvent exchange, and supports a mechanism in which hydrogen exchange from fibrils occurs through dissociation into monomers that are unfolded at pH 2.
Data on hydrogen exchange rates of native CspA were obtained at pH 5.4. 25 In native CspA, the most strongly protected amide protons come form strands β1-β4, and show protection factors in the range between 10 2 and 10 3 . With the exception of Leu70, hydrogen exchange rates for amide protons in loops and in strand β5 are too fast to measure in water. 25 Hydrogen exchange in CspA fibrils is in the EX1 regime, so that k obs = k op . Nevertheless, it is possible to put an upper limit on the value of the equilibrium constant relating the concentrations of exchange-susceptible (open) and exchangeresistant (closed) conformations, K HX = (k op /k cl ). From the definition of EX1 exchange, k cl << k int . It follows that K HX << k op /k int . The protection factor (Pf = 1/K HX ), similarly corresponds to the lower limit Pf >> k int /k obs . Intrinsic amide proton exchange rates calculated for the CspA sequence at pH 2.0 and 22 o C, place a lower limit on Pf values in CspA fibrils of ~10 5 . The Pf values in CspA fibrils are thus at least 100-fold greater than the largest in native CspA. The intrinsic exchange rate for the indole nitrogen proton of Trp11 can be estimated to be ~500 min -1 . 29 This rate is 100-fold larger than that of any backbone amide protons, and suggests a Pf value that in excess of ~10 7 . Based on time-dependent changes in 15 N T2 relaxation parameters, it was suggested that soluble aggregates formed during the exponential phase of fibril growth were predominantly stabilized through mispairing of the N-terminal half of CspA, corresponding to strands β1-β3 in the native structure. 20 The C-terminal half of the protein was suggested to be flexible in these aggregates. 20 The present observation that all amide protons are protected from solvent exchange indicates that in mature fibrils the entire polypeptide chain is involved in stable structure.
